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Field of the Invention 

The present invention relates generally to photolithography methods and systems, 
and more specifically to improved techniques for determining focus and exposure 
5 settings of a photolithographic system. 

Background of the Invention 

Photolithography or optical lithography systems used in the manufacture of 
10 integrated circuits have been around for some time. Such systems have proven 

extremely effective in the precise manufacturing and formation of very small details in 
the product. In most photolithography systems, a circuit image is written on a substrate 
by transferring a pattern via a light or radiation beam (e.g., UV or ultraviolet light). For 
example, the lithography system may include a light or radiation source that projects a 
15 circuit image through a reticle and onto a silicon wafer coated with photoresist, i.e., a 
material sensitive to irradiation. The exposed photoresist typically forms a pattern that 
after development masks the layers of the wafer during subsequent processing steps, as 
for example deposition and/or etching. 

20 Two of the most important process parameters for controlling the 

photolithographic process are focus and exposure. Focus generally deals with clarity 
with which an optical subsystem of the lithography system renders an image and 
exposure generally deals with the amount or dosage of light (or radiation) that is used to 
form the pattern (such as the light produced by a light source of the lithography system). 

25 Both affect the circuit pattern in a non-trivial way. For example, changes in focus and 
exposure may cause changes in the resist profile, i.e., the shape of the circuit printed in 
the photoresist. The resist profile is often described by three parameters related to a 
trapezoidal approximation of the profile: the linewidth or critical dimension (CD), the 
sidewall angle and the height If the resist profile changes are too great, then the final 

30 circuit may not run properly or it may not run at all. By way of example, linewidth is one 
factor that determines the speed and the timing across the circuit and thus changes 
thereto may cause one portion of the circuit to run faster or slower than another portion 
of the circuit (thereby reducing the selling price of the chip since the circuit is clocked to 
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the slower portion). As should be appreciated, the quality of the resist profile is directly 
related to the quality of the etched or deposited features formed therethrough. In 
addition, changes to the resist profile may cause open or shorted circuits such that the 
circuit may need to be discarded or reworked. 

5 

Presently, the optimal focus and exposure settings of the lithography system are 
determined using a focus exposure matrix (FEM), i.e., by exposing a wafer with multiple 
combinations of focus and exposure, and then inspecting the resultant pattern for the best 
resist profiles - the resist profiles that more closely match the desired or optimal resist 
10 profiles. The inspection is generally performed by a CD scanning electron microscope 
(CD-SEM) that measures the CD of the resist profile. The focus-exposure matrix may be 
visualized using a Bossung Plot. The Bossung Plot generally plots CD vs. focus position 
for varying levels of exposure, i.e., the varying levels of exposure are plotted as contour 
lines with linewidth representing the Y axis and focus position representing the X axis of 
15 the graph. Alternatively, the Bossung Plot may plot exposure vs. focus for varying values 
of CD, i.e., the values of CD are plotted as contour lines with exposure representing the 
Y axis and focus position representing the X axis of the graph. Other resist profile 
parameters, for example, sidewall angle and height may also be visualized using 
Bossung Plots. These plots are generally harder to obtain since measuring these shapes 
20 is often a difficult endeavor. In most cases, the wafer has to be destroyed, i.e., cut 

through, so that these parameters can be measured. The process window of the system 
may be determined by plotting multiple resist profile parameters, as for example, 
linewidth, sidewall angle, and height in the same Bossung Plot. The process window is 
generally defined as the region of focus and exposure that keeps the final resist profile 
25 within prescribed specifications (e.g., process window typically includes the optimum 
focus and exposure). 

Unfortunately, the method described above has several drawbacks. For one, the 
focus and exposure tests are performed periodically and thus the process may drift out of 
control between tests. An out of control process may lead to wafers that may need to be 
scrapped or reworked thus reducing yield and increasing costs. For example, these tests 
may be performed at 12 hr increments, 1 day increments, 1 week increments and the like. 
Another drawback is that the lithography system has to stop production in order to 



30 
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perform the tests. That is, the production run must be stopped so that a focus exposure 
matrix test wafer can be inserted into the system. As should be appreciated, stopping the 
production run reduces the throughput of the lithography system thereby increasing cycle 
time and cost. 

5 

Attempts to remedy these drawbacks have included using a CD-SEM to measure 
the CD of a pattern during a production run, and then keeping the CD within prescribed 
specifications using exposure dose as a manipulated variable to affect changes in CD. 
Although the focus may have a significant effect on CD, it is assumed in this method that 

10 focus is constant and therefore does not effect the CD. Unfortunately, however, the 
focus of the photolithographic system may (and often does) drift over time making the 
assumption of constant focus false. Accordingly, this method may not be very accurate 
since two variables (focus and exposure) may affect the CD rather than one. 
Furthermore, it should be noted that it is generally not possible to independently 

15 manipulate two variables simultaneously (e.g., both focus and exposure) due to the fact 
that a single measurement type, CD, is the only available test that may be routinely 
performed, i.e., CD-SEM is typically only capable of measuring CD (e.g., unless using 
tilted beam CD-SEM). Another method for monitoring focus is generically based on the 
phenomenon of line end shortening. 

20 

In view of the foregoing, improved techniques for determining focus and 
exposure settings of a photolithographic system are desired. In particular, techniques 
that allow the system quick feedback by measuring or monitoring production wafers or 
material so that process drifts may be substantially eliminated without having to stop 
25 production. 
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Summary of the Invention 

The invention relates, in one embodiment, to a method for determining process 
parameter settings of a photolithographic system. The method includes 

5 correlating the values of a first set of one or more shape parameters with the values of a 
first set of one or more process parameters to produce dependencies. The method also 
includes determining the values of a second set of one or more shape parameters 
associated with one or more structures. The method further includes dete rminin g the 
values of a second set of one or more process parameters associated with forming the one 

10 or more structures by comparing the second set of one or more shape parameters with the 
correlated dependencies. 

The invention relates, in another embodiment, to a method for determining the 
optimal processing conditions for a lithographic system. The method includes measuring 
15 scatterometry measurement sites on a focus exposure matrix wafer using a scatterometry 
system. The method also includes interpreting the scatterometry measurements into 
shape parameter information associated with the scatterometry measurement sites. The 
method further includes determining focus exposure dependencies of shape parameters 
using the shape information. 

20 

The invention relates, in another embodiment, to a method of focus exposure 
monitoring of a lithographic system. The method includes measuring scatterometry . 
measurement sites on a product or test wafer using a scatterometry system. The method 
also includes interpreting the scatterometry measurements into shape parameter 
25 information associated with the scatterometry measurement sites. The method further 
includes determining the focus and exposure values used to process the test or product 
wafer by matching the shape parameter information with focus exposure dependencies. 
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Brief Description of the Drawings 

The present invention is illustrated by way of example, and not by way of 
limitation. 

5 

Fig. 1 is a flow diagram of process parameter estimating, in accordance with one 
embodiment of the present invention. 

Fig. 2 is a method for determining optimal processing conditions, in accordance 
10 with one embodiment of the present invention. 

Fig. 3 is a method for determining dependences of shape parameters, in 
accordance with one embodiment of the present invention. 

15 Fig. 4 is a flow diagram of focus exposure monitoring, in accordance with one 

embodiment of the present invention. 

Fig. 5 is a simplified diagram of a line space grating, in accordance with one 
embodiment of the present invention. 

20 

Fig. 6 is a simplified diagram of a grid space grating, in accordance with one 
embodiment of the present invention. 

Fig. 7 is a Bossung Plot of MidCD (linewidth at 50% of profile height), in 
25 accordance with one embodiment of the invention. 

Fig. 8 is a Bossung Plot of profile height, in accordance with another embodiment 
of the invention. 

30 Figs. 9a and 9b are Bossung Plots of sidewall angle, in accordance with another 

embodiment of the invention. 
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Figs. 10a and 10b are overlapped Bossung Plots, in accordance with another 
embodiment of the invention. 



Fig. 1 1 is an example of an overlapped Bossung Plot, in accordance with one 
embodiment of the present invention. 

Fig. 12 is an example of an overlapped Bossung Plot, in accordance with one 
embodiment of the present invention. 

Fig. 13 is a schematic presentation of a method of monitoring focus and 
exposure, in accordance with one embodiment of the present invention. 

Fig. 14 is a simplified top view diagram of a scatterometry target that may be 
used to determine the optical aberrations of a lithographic system, in accordance with 
one embodiment of the present invention. 

Fig. 1 5 is a simplified top view of a scatterometry target that may be used to 
determine the process parameters or optical aberrations of a lithographic system, in 
accordance with one embodiment of the present invention. 

Fig. 16 is a simplified top view of a scatterometry target that may be used to 
determine the process parameters or optical aberrations of a lithographic system, in 
accordance with one embodiment of the present invention. 

Fig. 17 is asimplifiedtop view of a scatterometry target that may be used to 
determine the process parameters or optical aberrations of a lithographic system, in 
accordance with one embodiment of the present invention. 



WO 03/001297 



PCT/US02/20876 



Detailed Description of the Invention 

The invention generally pertains a method for determining focus and/or exposure 
5 settings of a photolithographic system (e.g., stepper or scanner). One aspect of the 

invention relates to determining focus and/or exposure simultaneously. Another aspect 
of the invention relates to using more than one shape parameter to solve for focus and 
exposure. Another aspect of the invention relates to using shape information derived 
from scatterometry to determine best focus and/or exposure. This is generally 
1 0 accomplished by measuring and analyzing focus-exposure matrix wafer (or wafers). In 
some cases, a single target type is used, and in other cases, multiple target types are used. 
Another aspect of the invention relates to using shape information derived from 
scatterometry to determine the stepper or scanner focus and/or exposure on nominally 
processed wafers. In some cases, this is accomplished with a single target type, and in 
15 other cases, this is accomplished with multiple target types. 

Embodiments of the invention are discussed below with reference to Figs. 1-17. 
However, those skilled in the art will readily appreciate that the detailed description 
given herein with respect to these figures is for explanatory purposes as the invention 
20 extends beyond these limited embodiments. 

Fig. 1 is a flow diagram of process parameter estimating 10, in accordance with 
; embodiment of the present invention. Process parameter estimating 10 is generally 
Dnfigured to estimate or predict process parameter settings, which were used to form a 
25 pattern on a substrate during a lithographic process (e.g., photohthographic). Process 
parameters generally refer to parameters used to control the processing conditions of the 
lithography system. Process parameters generally effect the pattern in a non-trivial way. 
By way of example, process parameters may correspond to focus offset, exposure dose, 
resist thickness, develop time and temperature, post exposure bake time and temperature 
30 and the like. The estimated settings of the process parameters in process parameter 

estimating 10 may be used to improve the control of subsequent lithographic patterning 
and to determine whether the quality of the photolithographic pattern meets specified 
squirements. Process parameter estimating 10 may be suitable for a wide variety of 
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photolithography processes, as for example, photolithographic processes pertaining to 
semiconductor manufacturing, optical device manufacturing, micro-mechanical device 
manufacturing, magnetic recording data storage manufacturing and the like. Although 
process parameter estimating 10 may be used in any of the above processes, the 
5 invention described herein is directed at semiconductor manufacturing for ease of 
discussion. 



Process parameter estimating 10 generally begins at block 12 where calibration 
data is produced by correlating one or more shape parameters with one or more process 
10 parameters. The shape parameters are generally associated with the shape of a structure 
disposed on a wafer (e.g., a target structure or some portion of a device structure). The 
structure may be in the form of a grating that is typically periodic. The grating may be 
periodic in one direction (X or Y) , as for example a line space grating, or it may be 
periodic in two directions (X and Y), as for example a grid space grating. The shape 
15 parameters may include line width (width at a specific height), side wall angle, height, 
pitch, top-profile (degree of top rounding or T topping), bottom profile (footing) and the 
like. The shape parameters may also include 3 dimensional shape information of 
structures that are periodic in both X and Y directions (as in grid space gratings). The 
lithography process parameters, on the other hand, are generally associated with the 
20 stepper or scanner parameters used to form the structure on the wafer. By way of 
example, the process parameters may correspond to focus, exposure and the like. 

By correlating, it is generally meant that a relationship is made between the one 
or more shape parameters and the one or more process parameters. The relationship may 

25 be in the form of dependencies. As should be appreciated, the shape parameters are 

typically dependent on the process parameters used to form them and thus changes in the 
process parameters generally cause changes in the shape parameters. For example, 
changes in focus may cause changes in line width. The changes may be characterized 
over a wide range of values thereby forming dependencies that describe the impact of 

30 these parameters on each other (e.g., variables or numbers that are contingent on other 
variables). The dependencies may be widely varied. However, in most cases, the 
dependencies are often described using equations or graphical plots, as for example 
Bossung Plots (see Figs. 7-12). 
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In one embodiment, the dependencies include one or more shape parameters as a 
function of one or more process parameters (e.g., process parameters are dependent on 
shape parameters). For example, the dependencies may include a single shape parameter 
as a function of a single process parameter (e.g., width as a function of focus), a single 
shape parameter as a function of more than one process parameter (e.g., height as a 
function of focus and exposure), a plurality of shape parameters as a function of a single 
process parameter (e.g., -height and width as a function of focus) or a plurality of shape ■ 
parameters as a function of a plurality of process parameter (e.g., height as a function of 
focus and exposure, wall angle as a function of focus and exposure and width as a 
function of focus and exposure). In one particular implementation, the dependencies 
include more than one shape parameter as a function of both focus and exposure. For 
example, line width as a function of focus and exposure (e.g., CD/(F,E)), height as a 
function of focus and exposure (e.g., Ht /(F,E)) and wall angle as a function of focus and 
exposure (e.g., SWA/(F,E)). It should be noted that these examples are not a limitation 
and that the dependencies may vary according to the specific needs of the system. For 
example, other shape parameters may be used. 

In another embodiment, the dependencies include one or more process 
parameters as a function of one or more shape parameters. For example, the 
dependencies may include a single process parameter as a function of a single shape 
parameter (e.g., focus as a function of width), a single process parameter as a function of 
more than one shape parameter (e.g., focus as a function of width and height), a plurality 
of process parameters as a function of a single process parameter (e.g., focus and 
exposure as a function of wall angle) or a plurality of process parameters as a function of 
a plurality of shape parameter (e.g., focus as a function of width and height, and 
exposure as a function of wall angle and width). These dependencies may be produced 
by deriving one or more shape parameters as a function of one or more process 
parameters (as discussed above), and then converting these functions to form one or 
more process parameters as a function of one or more shape parameters. This may 
generally be accomplished by performing a matrix inversion with the previous functions. 
In one particular implementation, the dependencies include focus and exposure as a 
function of more than one shape parameter. For example, focus as a function of height 
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and line width (e.g., F/(Ht, CD)), and exposure as a function of height and line width 
(e.g., E g (Ht, CD)). . With regards to Bossung Plots, inversions may change the graphs 
so that instead of having curves of constant exposure, the graphs have curves of constant 
shape parameters (e.g., line width). It should be noted that these examples are not a 
limitation and that the dependencies may vary according to the specific needs of the 
system. For example, other shape parameters may be used. 

The calibration data (e.g., dependencies) may be produced using a variety of 
techniques. For example, the calibration data may be produced using lithographic 
simulation methods or lithographic measurement methods. Lithographic simulation 
methods generally produce calibration data by performing calculations to obtain the 
predicted profile as a function of lithographic process parameters. The theoretical 
profiles may then be translated into shape parameters that approximate the profile. Thus 
the dependencies of the shape parameters on the process parameters may be obtained. In 
most cases, the lithography and resist processing simulations are calibrated such that the 
calculated profile accurately corresponds to the measured profile obtained on a real 
wafer. One example of a lithography simulation program that can be used to calculate 
the resist profiles for varying lithography parameters and resist process conditions is 
PROLITH manufactured by KLA-Tencor of San Jose, CA. 

The lithographic measurement methods, on the other hand, generally produce 
calibration data by printing a plurality of structures on one or more test wafers using 
various process parameters, determining the shape parameters associated with each of the 
structures, and correlating the shape parameters with the various process parameters (so 
as to form dependencies). As already mentioned, the shape parameters are typically 
dependent on the process parameters and thus changes in the process parameters 
generally cause changes in the shape parameters. For instance, a first process parameter 
value may produce a first shape parameter value and a second process parameter value 
may produce a second shape parameter value (multiple data points at multiple levels),. 
These changes may be characterized over a wide range of values thereby forming 
equations or graphical plots that describe the impact of these parameters on each other. 
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To elaborate, printing is generally accomplished in a layer of photoresist by 
projecting light or radiation through a pattern of a test reticle. The structures are 
normally printed across the entire test wafer using a different combination of process 
parameters (test matrix). That is, each structure may be printed with different process 
parameter levels For example, the structures may be printed with varying levels of 
exposure and focus - for different exposure fields across the wafer, vary focus in one 
direction and exposure in the other direction so as to produce a matrix of different values 
of exposure and focus across the wafer (e.g., focus-exposure test matrix). When using 
multiple test wafers, the same or different test reticles may be used. The different test 
reticles may have patterns with different dimensions so as to produce a wider range of 
test data. As should be appreciated, different dimensions may produce different 
structures and thus different shape parameters for the same processing conditions. The 
pattern configuration may be widely varied. For example, the pattern configuration may 
be configured to produce a grating structure. The method of determining the shape 
parameters may also be widely varied. For example, the shape parameters of the printed 
structures may be determined using CD-SEM, scatterometry and other related 
techniques. Scatterometry is generally preferred since scatterometry can be used to 
determine multiple shape parameters at the same time. For example, scatterometry 
measurements may contain information about linewidth (CD), height, side wall angle 
and the like (CD-SEM typically only measures CD). Scatterometry techniques will be 
described in greater detail below. 

In one embodiment, the dependencies produced in block 12 are used to determine 
the best process parameter settings for driving the process. In essence, they help to 
determine the process parameters, which will be programmed into the lithography 
system at the start of a production run. By way of example, the best process parameters 
may be determined using overlapping Bossung Plots (see Figs 10-12). Overlapping plots 
typically reduces errors found in each individual graph and it may overcome the 
problems with multiple solutions for a particular process parameter, i.e., even if exposure 
is known, there are typically two solutions for focus (that will produce the same line 
width defined at a given height). For example, Exposure vs. Focus plots having two sets 
of overlapping contour lines, each set representing a different shape parameter, may be 
used. These curves describe all the possible solutions for focus and exposure for a given 
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set of shape parameters. As should be appreciated, the points where the different contour 
lines intersect represent points of best focus and exposure. The best exposure and focus 
may be determined by following the contour lines representing the desired values of the 
shape parameters (e.g., line width = 120 nm, height = 280 nm). The best exposure and 
focus may also be determined using an error minimization method for a wider range of 
desired values of shape parameters (e.g., all values within 5 % of the desired value). 

Following block 12, the process flow proceeds to block 14 where test data is 
produced by determining the values of one or more shape parameters associated with one 
or more printed structures. The term printed structures generally refers to structures that 
are printed on a wafer (e.g., a target structure or some portion of a device structure). The 
printed structures may be printed in a variety of different wafer layers. In most cases, 
however, the printed structures are printed in a layer of photoresist using standard 
photolithograghic processes (e.g., projecting a circuit image through a reticle and onto a 
silicon wafer coated with photoresist). The wafer may be a test wafer with layers of 
materials that correspond to the materials typically present on product wafers at that step 
in the test process. The wafer may be a product wafer that has the potential to produce 
working devices. The wafer may be a simple test wafer used for testing the lithography 
system. The process parameters used to form the printed structures are generally 
configured to keep the shape parameters within desired specifications. The printed 
structures may be printed on a test wafer as a part of a test procedure or they may be 
printed on a production wafer during production: In production, the printed structures 
are typically printed in the scribeline between device structures (e.g., dies that define the 
IC) disposed on a production wafer. During tests, the printed structures may be printed 
across the entire test wafer. 

The printed structures may be widely varied (e.g., the printed structures generally 
vary according to the methods used to determine the values of one or more shape 
parameters). For example, the printed structures may take the form of a grating 
structure, as for example a line space grating or a grid space grating. Similar to above, 
the shape parameters may include line width (width at a specific height), side wall angle, 
height, pitch, top-profile (degree of top rounding or T topping), bottom profile (footing) 
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and the like. The number of printed structures may also be widely varied. When using 
multiple printed structures, each may have the same or different patterns. 

In most cases, the shape parameters that are determined in block 14 correspond to 
the same shape parameters that were calibrated in block 12. For example, if line width 
and height were calibrated in block 12, then line width and height are determined in 
block 14. It should be noted, however, that this is not a limitation and that more 
parameters may be calibrated in the calibration mode than determined in the test mode. 
For example, a large database or library of a large number of shape parameters as a 
function of one or more process parameters may be obtained in the calibration mode, 
while only a small number of the shape parameters may be determined in the test mode. 

The test data may be produced using a variety of techniques. In most cases, the 
test data is produced by measuring the printed structures with a measurement system and 
converting the measurements into shape parameter values. Any suitable measurement 
technique may be used so long as the measurements obtained are capable of being 
converted into shape information, i.e., the raw measured data is converted into shape 
data. Byway of example, CD-SEM, scatterometry, atomic force microscopy, cross 
sectional SEM techniques and the like may be used. In a preferred embodiment, the 
shape parameters of the printed structures are measured via scatterometry since 
scatterometry is capable of measuring multiple shape parameters such as line width, wall 
angle and height (CD-SEM typically only measures line width) at the same time. 
Furthermore, scatterometry may be used in-line on production wafers thus eliminating 
the need to stop production. That is, metrology tools based on scatterometry may be 
used to perform focus and/or exposure monitoring on product wafers to enable ongoing 
focus/exposure process control and to reduce the requirement for time-consuming FEM 
test wafers. 

Scatterometry is a measurement technique that is capable of characterizing 
multiple shape parameters of a pattern. The pattern is typically in the form of grating 
structure such as a periodic grating structure. In scatterometry, one or more light or 
radiation beams are made incident on the grating structure and the scattered, reflected 
and/or diffracted beams emanating from the grating structure are measured. The incident 
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light may be directed toward the pattern normally or at some angle to the normal. The 
light emanating from the grating structure is typically scattered, reflected and/or 
diffracted at various orders, i.e., angles relative to the incident light. The characteristics 
of the scattered, reflected and/or diffracted light (e.g., intensity, phase, polarization, and 
the like) at the various orders is measured thereby forming a measurement signal or 
measured spectra. The characteristics of the scattered, reflected and/or diffracted light 
generally reveal information about the shape of the grating structure. That is, the 
scattered, reflected and/or diffracted light typically changes in accordance with the shape 
of the structures and thus the scattered, reflected and/or diffracted light may be used to 
determine the shape parameters of the structures, i.e., there is a unique relationship 
between the measured spectra and the profile of the grating structure. 

The shape parameters are generally extracted from the measured spectra by 
comparing the measured spectra to a library containing up to hundreds of thousands of 
spectra that has been calibrated to hundreds of thousands of profiles. The objective is 
to find a profile whose calibrated spectra matches the measured spectra. Each profile is 
defined by shape parameters and thus the shape parameters are known once the profile is 
found Thelibrary may be produced using actual measurements (calculated reference 
spectra) or simulation techniques (simulated reference spectra). 

Changing to shape information rather than leaving as data in the form of spectra 
has several advantages. For one, when scatterometry spectra are analyzed to produce 
shape information, other process variations (such as thickness variation in underlying 
layers) are separated from the lithography process information. Such process variation is 
common in production wafers. In contrast, direct use of spectra works best on well 
controlled test wafers where there is little variation of the material thickness and 
properties and little corresponding contribution to variation in the spectra. 

Although, the method described herein does not directly compare spectra (e.g., it 
compares shape information rather than spectra), it should be noted that this is not a 
limitation and that the spectra may be compared. 
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The scatterometry technique used to measure the grating structure (e.g., periodic) 
may be widely varied. For example, reflectometry, spectroscopic ellipsometry, 
multiwavelength reflectometry, polarized spectroscopic reflectometry, multiangle 
multiwavelength reflectometry or angle resolved scatterometry may be used. Further, 
the measurement may be performed in a fixed angle spectroscopic ellipsometry mode, in 
an angle scanning single or multiple wavelength mode, or in a multiple angle multiple 
wavelength mode. That is, the beam(s) may be brought in at a single or multiple angles 
and they may be brought in at a single wavelength or at multiple wavelengths. In 
addition, the beams may be detected at a single angle or multiple angles and they may be 
detected at single or multiple wavelengths. Furthermore, the intensity, polarization 
and/or optical phase of the beams may be measured at different angles and/or different 
wavelengths. 

With regards to scatterometry, some people in the art believe that the wavelength 
range containing useful shape information is limited to a maximum wavelength of about 
65 percent of the size of the feature in interest. It should be noted, however, that the 
shape information may also be contained in wavelengths larger than 65 percent of the 
feature in interest. Therefore, in one embodiment, wavelengths of greater than 65 
percent of the feature size in interest are used during scatterometry measurements. In 
another embodiment, wavelengths that are equal to the feature size in interest are used 
during scatterometry measurements. In another embodiment, wavelengths that are 
greater than the feature size in interest are used during scatterometry measurements 
(wavelength that are greater than feature size are generally easier to implement than if 
they are smaller than the feature size). In one particular embodiment, the wavelengths 
are 250 -750 rnn for feature sizes of 50-250 nm. It should be noted, however, that this is 
not a limitation and that the wavelengths and feature sizes may vary according to the 
specific needs of each device. 

By way of example, scatterometry techniques that may be used are described in 
greater detail in a pending U.S. Patent Application No. 09/036,557, titled "METHOD 
AND APPARATUS OF SPECTROSCOPIC SCATTEROMETERFOR CD AND 
PROFILE MEASUREMENT OF PERIODIC STRUCTURES AND PROCESS 
MONITOR," filed on March 6, 1998, and which is herein incorporated by reference. 
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Scatterometry measurements (e.g., block 12 or block 14) may be performed using 
SpectraCD ™ manufactured by KLA-Tencor of San Jose, CA. The SpectraCD or 
equivalents thereof may be integrated with a lithography cell to obtain information on the 
process that can enable better process control and higher device profit margin than is 
possible with currently available metrology. Determining optimum focus/exposure 
settings from analysis of scatterometry measurements on focus/exposure test wafers may 
be implemented with ProData ™ and Process Window Monitoring (PWM™) 
lithography process analysis systems manufactured by KLA-Tencor of San Jose, CA. 
Extracting profile information from measured scatterometry spectra may be performed 
by comparing the measured scatterometry spectra with libraries generated with 
SpectraLG ™ library generartion system manufactured by KLA-Tencor of San Jose, CA. 
These and other details of scatterometry are described in greater detail in "Spectroscopic 
CD Metrology for Sub-1 OOnm Lithography Process Control" to Mieher et al, which is 
herein incorporated by reference. 

Following block 14, the process flow proceeds to block 16 where the values of 
one or more process parameters associated with forming the printed structures are 
determined by comparing the test data with the calibration data. In the simplest terms, 
the determined values of the shape parameters in block 14 are compared with the 
calibrated values of the shape parameters in block 12 so as to determine the values of the 
process parameters for the determined values. That is, the shape parameter values of 
block 14 are matched to similar shape parameter values of block 12 and the 
corresponding process parameters that produced those shape parameters in block 12 are 
chosen as the process parameters that formed the shape parameters in block 14. In more 
complex terms, conversion calculations or graphical comparisons using the functions 
obtained in the calibration mode and the measurements obtained in the test mode are 
performed. 

In one implementation, for example, the process parameters used in block 14 may 
be determined by plugging the values of the shape parameters determined in block 14 
into an equation representative of the functions determined in block 12. For example, 
the determined values of line width and height of the measured grating structure may be 
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inserted into the function F/ (CD,Ht) to produce a "measured" focus value representative 
of the actual focus value used to produce the grating structure. Alternatively or 
additionally, the determined values of line width and height of the measured grating 
structure may be inserted into the function Ef (CD,Ht) to produce a "measured" 
exposure value representative of the actual exposure value used to produce the grating 
structure. In another implementation, the process parameters used in block 14 may be 
determined by referring to graphical plots representative of the functions. For example, 
overlapping Bossung Plots may show the value of the process parameter(s) at the 
intersection of the line contours corresponding to the shape parameter(s) value 
determined in block 14. That is, the point of intersection between CD and Ht at the 
determined values may show the values of focus and/or exposure, i.e., the curves will 
cross at one height and one CD thus yielding one answer for focus and exposure. 
Additionally or alternatively, the measured focus and exposure could be arrived at by 
interpolating between neighboring intersections of the different contours (e.g., CD and 
Ht contours). 

Although the method described herein (with regards to using scatterometry) does 
not directly compare spectra (e.g., it compares shape information rather than spectra), it 
should be noted that this is not a limitation and that the spectra may be compared. Using 
shape information, however, is generally preferred since it has several advantages over 
using spectra. For example, when scatterometry spectra are analyzed to produce shape 
information, other process variations (such as thickness variation in underlying layers) 
are separated from the lithography process information. Such process variation is 
common in production wafers. In contrast, direct use of spectra works best on well 
controlled test wafers where there is little variation of the material thickness and 
properties and little corresponding contribution to variation in the spectra. 

.After block 16, post estimating steps may be performed. For example, the 
estimated or predicted values of the process parameters determined in block 16 may be 
used to control subsequent processing to keep the process within desired limits. In one 
embodiment, the determined values of the process parameters in block 16 axe compared 
with the optimal values found in block 12 to produce a process parameter correction. 
The correction may be used to help control the lithographic process (by adjusting the 
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process parameters). These corrections may be produced in a die to die mode, a wafer to 
wafer mode, other feed back control system and the like. 

In accordance with one embodiment of the invention, the method described 
above is used to determine the focus and exposure settings of a photolithographic system 
(e.g., stepper or scanner). The general concept of this embodiment is to (1) determine 
the focus-exposure dependence of one or more shape parameters (e.g., line width, 
sidewall angle, height), (2) determine the numerical value of one or more of these shape 
parameters for a structure printed on a test or production wafer, and (3) compare the 
determined numerical value of the shape parameters to the previously determined focus- 
exposure dependence to determine the focus and /or exposure conditions that were used 
to pattern the structure printed on the wafer. With regards to the first element (1), the 
focus exposure dependencies of shape parameters of the shape parameters may be 
determined empirically by measurements (e.g., scatterometry) obtained from a focus , 
exposure matrix and/or from modeled focus-exposure processes using simulation 
software (such as PROLITH manufactured by KLA-Tencor of San Jose, CA). With 
regards to the first and second elements (1) (2), the dependencies, as well as the 
numerical value of one or more of these shape parameters for a structure disposed on a 
wafer may be determined using scatterometry techniques. 

The method may be used to monitor the focus and exposure of production wafers 
processed nominally at standard focus and exposure settings. The method may also be 
used to monitor focus and exposure of production wafers processed with the majority of 
the fields processed nominally at a standard focus and exposure setting with a minority 
of focus indicator fields processed at pre-determined focus offsets. 

In accordance with another embodiment of the invention, the method described 
above is configured to simultaneously solve for multiple process parameters using 
multiple shape parameters. This is generally accomplished in block 16 using a plurality 
of dependencies determined in block 12 and a plurality of shape parameters determined 
in block 14. As should be appreciated, determining a plurality of shape parameters in 
block 14 provides more than one input and may allow for a solution for more than one 
process parameter, i.e., in order to solve for more than one process variable, it is 
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generally necessary to have more than one data input. The number of shape parameters 
is generally greater than or equal to the number or process parameters. In some cases, 
the method is configured to simultaneously solve for first and second process parameters 
using first and second shape parameters (e.g., solving for two unknowns variables using 
two known inputs). This generally provides a unique solution for the first and second 
process parameters. In other cases, the method is configured to simultaneously solve for 
first and second process parameters using more than two shape parameters, as for 
example first, second and third shape parameters. In the case of more than two shape 
parameters an optimal solution may be calculated. When using three equations and two 
unknowns, the likely hood that the solution is perfect is low. Least squares minimization 
is one possible error minimization method that may be used to. calculate the optimal 
solution. Weighting factors may be assigned to the different shape parameters to 
calculate the optimal solution. The weighting factors may include the sensitivity of the 
process parameter to the shape parameter, the uncertainty of the shape parameter, and the 
like. 

Simultaneous solutions using multiple shape parameters generally overcome 
problems associated with process parameter dependencies on shape parameters that 
allow multiple solutions of the process parameters for a given shape parameter value. For 
example, in the case of line width, the focus exposure dependence is non linear in focus 
and allows for multiple solutions for focus, even if the exposure dose is known 
accurately. Simultaneous solutions also remove the degeneracy between solutions that 
may be encountered when solving for focus and/or exposure with information from only 
one parameter (different shape parameters may have different dependences on focus and 
exposure). Using calibration curves determined from many focus exposure matrix 
measurements averages out measurement errors, stepper errors, and the like. 

In one particular implementation of this embodiment, the method is configured to 
simultaneously solve for focus and exposure using multiple focus-exposure dependencies 
of multiple shape parameters. The basic idea is that in order to solve for two unknowns, 
Focus and Exposure, you need to have 2 or more equations and two or more pieces of 
information. For a single measurement site, the different pieces of information can be 
different, substantially orthogonal shape parameters like CD, HT or SWA. For example, 
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simultaneously solving for linewidth and sidewall angle, or simultaneously solving for 
linewidth, sidewall angle and height. In one embodiment, the unique solutions are 
visualized using Bossung plots. For example, the unique solutions may be demonstrated 
by the intersections of curves of constant line width and curves of constant line height at 
only one point of focus and exposure as shown in Figs. 10A and 10B. This 
implementation will be described in greater detail below. In another embodiment, the 
unique solutions are characterized by equations. Examples of equations modeled after 
the above mentioned method will now be described: 

Sum Square Error = [SPi(PPi,PP 2 ) - SPi measured] 2 + [SP 2 (PPl,PP 2 ) ~ SP 2 measured] 2 , 

where 

SPi(PPi,PP 2 ) is a first shape parameter SPi as a function of first and second 
process parameters PPi and PP 2 as determined in the calibration mode, 

SPi measured is the first shape parameter measured in the test mode, 

SP 2 (PPi,PP 2 ) is a second shape parameter SP 2 as a function of first and second 
process parameters PPi and PP 2 , and 

SP 2 measured is the second shape parameter measured in the test mode. 

Using this equation various values of the first and second process parameters are 
supplied to the functions until a minimum error is produced (e.g., closest to zero). The 
values that produce the minimum error correspond to the values PPi measured and PP 2 
measured, where PPi measured is equal to the value of the first process parameter that produced 
the printed pattern and PP 2 measured is equal to the value of the second process parameter 
that produced the printed pattern. By way of example, the shape parameters may 
correspond to linewidths (CD), line height, wall angle, and the like, and the process 
parameters may correspond to focus, exposure and the like- 
In addition, a matrix inversion calculation may be performed using the functions 
obtained in the calibration mode. The matrix inversion calculation generally inverts the 
functions obtained in calibration mode so as to produce different functions. For 
example, the shape parameters as a function of process parameters may be inverted to 
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produce process parameters as a function of shape parameters. A simplified example of a 
matrix inversion is shown below: 

SPiCPPiJPPa) 

5 PPiOSPi, SP 2 , SP 3 ) 

SP 2 (PPi,PP 2 ) => 

PP 2 (SP l3 SP 2 , SP 3 ) 

SP 3 (PPi,PP 2 ) 
10 where 



SPi = a first shape parameter 
SP 2 =a second shape parameter 
SP3 - a third shape parameter 
15 PPi = a first process parameter 

PP 2 = a second parameter. 

Using the inverted equations the measured shape parameters SPi measured, SP 2 
measured, SP 3 measured of the printed pattern obtained in the test mode are supplied to the 

20 inverted functions to produce PPi measured and PP 2 meas ured, where PPi measured is equal to the 
value of the first process parameter that produced the printed pattern and PP 2 measured is 
equal to the value of the second process parameter that produced the printed pattern. By 
way of example, the shape parameters may correspond to linewidths (CD), line height, 
wall angle, pitch and the like, and the process parameters may correspond to focus, 

25 exposure and the like. 

After determining PPi measured and PP 2 measured, PPimeasured and PP 2 measured may be 
■ compared to PP t optimal and PP 2 optimal to form corrections for adjusting the process 

parameters to keep the shape parameters within desired specifications. The optimal 
30 values are typically determined in block 12. By way of example, a simplified 

comparison equation is shown below: 

PPi optimal - PPi measured ~ A PPi correction 
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PP2 optimal ~~ PP2 measured ~~ A PP2 correction 

In an alternate embodiment, the measured values of the shape parameters may be 
compared to the optimal values of the shape parameters. The difference between these 
two values may be used along with the inverted equation mentioned above to form 
corrections for the respective process parameters. 

(SP,, SP 2 , SP 3 ) optimal (SPi, SP 2> SP 3 ) measured A(SP,,SP 2 ,SP 3 ) correction 

PPl(SP,, SP 2 , SPaJcorrection = A PPj correction 
PP2OSP1, SP 2 , SP 3 ) correction app 2 correction 

Fig. 2 is a method for determining optimal processing conditions 100, in 
accordance with one embodiment of the present invention. The method generally begins 
at block 102 where scatterometry measurement sites on a focus exposure matrix wafer 
(or wafers) are measured with a scatterometry system. The scatterometry measurement 
sites are typically printed in a layer of photoresist on the focus exposure matrix wafer via 
a lithography system. The scatterometry measurement sites may be any periodic 
structure, as for example, one dimensional periodic structures situated in X or Y (such as 
line space gratings), or two dimensional periodic structures situated in X and Y (such as 
grid space gratings). The scatterometry measurement sites may be dedicated targets 
disposed around the device structures or they may a portion of the device structure (e.g., 
a periodic portion). As should be appreciated, using a portion of the device structure 
may be more difficult, but it tends to be more accurate since it is a portion of the device 
structure. Either way, the scatterometry measurment sites may be formed using a 
product mask or a test mask. 

The scatterometry measurement sites are generally located across the focus 
exposure matrix wafer. In fact, there is generally one or more scatterometry 
measurement sites per field. The number of fields within each wafer may be widely 
varied. However, there is typically two or more fields per wafer. Each field is typically 
formed using a different combination of focus and exposure (or may be focus or 
exposure only). For example, a first field may be produced using a first combination, 
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and a second.field may be produced using a second combination that is different than the 
first combination. The multiple combinations can be produced using varying focus and 
varying exposure, varying focus - constant exposure, constant focus - varying exposure, 
and the like. In most cases, the scatterometry measurement sites have an identical 
5 pattern so that the different combinations may be properly characterized. It should be 
noted, however, that different focus exposure matrices may have different patterns. For 
example, a first test matrix may be performed using a first grating type and a second test 
matrix may be performed using a second grating type that is different than the first 
grating type. 

10 

The scatterometry system is configured to form measured spectra for each 
scatterometry measurement site. The measured spectra generally includes intensity, 
polarization, phase and wavelength information associated with each site. As should be 
appreciated, the measured spectra typically varies with the varying focus and exposure 

15 conditions used at each site. That is, the different focus and exposure conditions form 
different site profiles and different site profiles scatter, reflect and diffract the light of the 
scatterometry measurement in different ways. The scatterometry system may be widely 
varied. For example, reflectometry, spectroscopic ellipsometry, multiwavelength 
reflectometry or angle resolved scatterometry and the like may be used. Furthermore, 

20 the scatterometry system may be a tool that stands separate from the process tool or it 
may be linked (internal or external -with some mechanism for automated wafer 
handling) with the process tool. That is, the tool may be offline, inline or partially inline 
with the process tool. By partially, it is meant that a portion of the tool is inline while 
another portion may be offline. 

25 

After block 102, the process flow proceeds to block 104 where the scatterometry 
data (e.g., measure spectra) is interpreted into shape parameter information. This may be 
accomplished using iterative regression techniques and/or by library matching techniques 
such as those previously described, i.e., match the measured spectra with libraries that 
30 link profiles with spectra In the technique generally described as iterative regression, 
one or more simulated spectra are compared to a measured spectrum creating a 
difference of error signal, then another simulated spectrum is calculated and compared to 
the measured spectrum. This process is repeated (iterated) until the error is reduced 
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(regressed) to the specified value. One common method of iterative regression is non- 
linear regression. As can be appreciated different iterative regression algorithms that are 
familiar to those skilled in the art may be applied to the problem of interpreting measured 
scatterometry spectra through comparison with simulated spectra based on model 
5 profiles of scatterometry measurement targets. Block 1 02 may be performed by a 
computer system that may or may not reside in the scatterometry tool. The analysis 
performed by the computer system may be configured to produce results in real time 
(within 0 to 10 second of measurement), i.e., as each site is tested, or it may be delayed. 

10 After block 104, the process flow proceeds to block 106 where focus exposure 

dependencies of shape parameters are determined. This is generally accomplished by by 
matching the different focus-exposure combinations used to form the measurement sites 
with the appropriate profiles of the measured spectra. By appropriate, it is meant that the 
profiles and focus-exposure combinations come from the same measurement sites. As 

15 should be appreciated, the profiles contain a plurality of different shape parameters and 
thus the different focus exposure combinations may also be matched to the different 
shape parameters of the corresponding profile. The matched data (e.g., multiple data 
points) may be used to form focus exposure dependencies on shape parameters. The 
focus exposure dependencies on shape parameters may be take the form of graphical 

20 plots or equations. Also, focus exposure dependencies on shape parameters may take the 
form of learned relationships such as those generated by artificial intelligence, neural 
networks and the like. 

By way of example, the graphical plots may be Bossung Plots that plot individual 
25 shape parameters vs. focus position for varying levels of exposure dose, i.e., the varying 
levels of exposure are plotted as contour lines with the shape parameter representing the 
Y axis and focus position representing the X axis of the graph. Alternatively, the 
Bossung Plot may be inverted such that it plots exposure vs. focus for varying values of 
an individual shape parameter, i.e., the values of the shape parameter are plotted as 
30 contour lines with exposure representing the Y axis and focus position representing the X 
axis of the graph. As should be appreciated, each plot may represent a different 
equation. The Bossung plots may be overlapped to form a process window. The 
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overlapped bossung plots may be from the same grating type or they may be from 
different grating types. 

After block 106, the process flow proceeds to block 108 where the optimum 
5 focus and exposure of the lithography system is determined. This is generally 

accomplished by choosing a desired value of one or more shape parameters, i.e., the one 
that is desired to be printed on the wafer, and matching it to the dependencies so as find 
the optimum focus and exposure for the desired value of the shape parameter. The 
optimum focus exposure conditions can be used to control the lithographic process. 
10 Multiple shape parameters may be used simultaneously to find a unique solution or to 
form a process window that keeps the shape parameters within desired tolerances. An 
optimal solution may be found in the process window via error minimization. In one 
example, multiple shape parameters are plotted on the same Bossung Plot to find the 
optimum focus and exposure, i.e., the intersection of the desired shape parameter contour 
15 lines. 

Fig. 3 is a method for determining dependences of shape parameters 120, in 
accordance with one embodiment of the present invention. The method generally begins 
at block 122 where a resist process model is obtained. The resist process model is used 

20 with the lithography simulation program to calculate simulated resist profiles that are 
determined to be substantially accurate by comparison to measured resist profiles. The 
resist process model is configured to relate or integrate resist information about a 
particular process. For example, it may relate resist preparation, resist thickness, resist 
sensitivity to immulination, resist development, and resist thermal processes, and the 

25 like. 

Following block 122, the process flow proceeds to block 124 where lithographic 
simulation methods are used to determine F/E dependence of shape parameters. This is 
generally accomplished by translating the simulated resist profiles into approximate 
30 profiles described by the shape parameters that are used in scatterometry analysis 
systems. 
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Fig. 4 is a flow diagram of focus exposure monitoring 150 5 in accordance with 
one embodiment of the present invention. The method generally begins at block 152 
where scatterometry measurement sites on a wafer are measured with a scatterometry 
system. The scatterometry measurement sites and scatterometry system generally 

5 correspond to the scatterometry sites and scatterometry system described in Fig. 2. The 
difference is that the measurement sites are on a production wafer or a test wafer not a 
focus exposure matrix wafer. That is, the production and test wafers are being processed 
at nominal focus and exposure conditions rather than varying combinations thereof. For 
example, the optimal focus and exposure condition found in block 108 of Fig. 2 may be 

10 used as the nominal focus and exposure conditions. The number of measurement sites 
may also differ. The number of sites per field is generally smaller on production wafers 
since the real estate on production wafers is so valuable. Also, fewer measurements are 
made on a product wafer than on a focus exposure matrix wafer due to time constraints 
in production. In one embodiment, a single site is measured per field. In another 

15 embodiment, multiple sites are measured per field. As should be appreciated, 

scatterometry is one of the few types of metrology that has true in-situ potential for 
controlling focus and or exposure during a production run, i.e., it is suitable for die to 
die, wafer to wafer, run to run monitoring (and the like). 

After block 152, the process flow proceeds to block 154 where the scatterometry 
data obtained in block 152 is interpreted into shape parameter information. This may be 
accomplished in the same manner as block 104 in Fig. 2. As should be appreciated, even 
though scatterometry may be performed on one site, multiple shape parameters may be 
determined, i.e., scatterometry allows one measurement to produce multiple data inputs. 
For example, two or more shape parameters may be determined at one measurement site. 

After block 1 54, the process flow proceeds to block 156 where the shape 
parameter information determined in block 1 54 is matched with focus exposure 
dependencies of shape parameters to determine focus-exposure conditions used to 
30 process the measured wafer. The shape information may be from a single measurement 
site or from multiple measurement sites. As should be appreciated, with two of these 
variables you are able to solve for two unknowns - focus and exposure. The matching 
may performed using graphical plots or equations. In one embodiment, inverted plots or 
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inverted equation are used. For example, an inverted Bossung Plot having Exposure vs. 
Focus for constant shape parameters is used. In order to solve for both focus and 
exposure, two or more plots may be overlapped. In addition, inverted eiquations such as 
Focus as a function of line width and height or Exposure as a function of height and 
5 sidewall angle may be used. 

After block 156, the process flow proceeds to block 1 5 8 where the focus- 
exposure correction required to optimize lithographic process is determined. This is 
generally accomplished by comparing the focus and exposure values obtained in the. 

10 previous block with the focus and exposure values that were nominally set. The 
correction may include information corresponding to the difference between the 
"measured" value (block 154) and the nominally set values. For example, if the 
nominally set exposure dose was 22, and the measured exposure dose was found to be 
27, then the difference of 5 may be used to correct the process, i.e., to get the exposure 

15 dose to produce the correct shape parameters during subsequent runs. 

After block 158, the process flow proceeds to block 160 where the corrected 
focus-exposure information is inputted into the lithography system. The corrected focus 
exposure information may be inputted manually by an operator or automatically by the 
20 system. In most cases, the corrections are fed into a program or computer that analyzes 
and decides what actual correction to make. For example, the decision may be to not 
make a correction because its too small. In addition, there may be other information 
from other processes that may alter the overall correction. 

25 In accordance with one embodiment, resist loss (the difference between the 

original resist thickness or the thickness of large unpatterned resist area (> about 20 urn 
square) and the grating height) can also be used as a parameter in focus exposure 
analysis. Measurement of resist film thickness after the resist develop process and direct 
calculation of the relative resist loss for the gratings can partially compensate for resist 

30 coating and development process variations that can make interpretation of resist height 
difficult The resist thickness measurement can be done in the same sequence of 
measurements as the scatterometry grating measurements. 
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In accordance with another embodiment, the multiple shape parameters found in 
any of the above methods may be shape parameters from two or more different type of 
scatterometry measurement sites including sites that differ in shape (line, contact, square 
or rectangular line segments), differ in pitch, differ in feature width or size but 

5 substantially equal in pitch, differ in mask construction (binary mask features vs. phase 
shift mask features), differ in position (placed at different locations on the mask), or 
differ in grating orientation (X, Y, X and Y). As should be appreciated, different shapes 
and pitches exhibit different response to focus errors, and therefore it may be 
advantageous to measure distinct scatterometry measurement sites having different 

10 characteristics. An example of solving for focus and exposure using linewidths (critical 
dimension or MCD) measured for two different line grating targets is given in Fig. 11. 
An example of solving for focus and exposure using MCD data from one line grating 
target and sidewall angle and resist loss measured for a line grating target with different 
pitch is given in Fig. 12. 

15 

In accordance with another embodiment, the shape information from multiple 
measurement sites in a stepper exposure field can also be analyzed to determine the 
imperfections or optical aberrations of the stepper lens system. This information can be 
used to adjust or repair the stepper lens system, to choose optimum stepper operating 
20 parameters to minimize the negative impact of optical aberrations, or to monitor the 
stability of the stepper lens system. 

Fig. 5 is a simplified diagram of a line space grating 200, in accordance with one 
embodiment of the present invention. The line space grating is generally provided to 

25 improve the focus and/or exposure control of subsequent lithographic patterning and to 
determine whether the quality of the photolithographic pattern meets specified 
requirements. The line space grating may be used in any of the methods described 
herein. For example, the line space grating may be printed on a focus exposure test 
matrix wafer (block 12 in Fig. 1), a test wafer or a production wafer (block 14 in Fig. 1). 

30 The focus exposure matrix wafer as well as the test wafer are generally used for testing 
the lithography equipment rather than for generating a product. Any number of line j 
space gratings may be positioned on the wafers. Generally speaking, about 1 to about 10 
gratings per field may be used on production wafers while up to 1000's of gratings per 
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field may be used on focus exposure matrix wafer and test wafers. The line space 
grating(s) may be patterned using suitable photolithographic techniques. In most cases, 
the line space grating is printed in a layer of photoresist using a stepper or scanner 
lithography system. As should be appreciated line space gratings such as these are 
5 especially useful when using scatterometry measurement techniques. 

As shown, the line space grating 200 is formed by a plurality of spaced apart 
parallel lines 202. Each of the parallel lines is defined by several shape parameters. The 
shape parameters may be related to the cross sectional shape of the line, as for example, 

10 line width, height, and wall angle or they may be related to a relationship between lines, 
as for example, pitch. Height is the term used to describe the length of the line from its 
bottom to its top. Line width (CD) is the term used to describe the width of the line. The 
line width may be taken any where along the height of the line, for example, the bottom, 
middle or top or anywhere therebetween (width is generally along the dimension parallel 

15 to the wafer and perpendicular to the line - in the same direction that defined the grating 
pitch or period). One may also use the linewidth measured at 2 or more different heights 
as separate measurement shape parameters. The wall angle is the term used to describe 
the angle between the line's sidewall and the line's base. Pitch, on the other hand, is the 
term used to describe the distance between lines. Pitch may be measured from the center 

20 or edges of the lines. Although, only these shape parameters are shown, it should be 
noted that these shape parameters are not a limitation. As should be appreciated, the 
profile shown in Fig. 5 is base on a trapezoidal model. In practice, the profile may not be 
a trapezoid, it may in fact be widely varied therefrom. For example, it may be some 
shape altogether different than a trapezoid or it may be a variation of the trapezoid ( it 

25 may be rounded at the top corners or at the bottom corners, it may have bowed or curved 
sidewalls, and the like). Theses parameters (e.g., the radius of curvature of the rounded 
comers) may also be used as shape parameters. The shapes may also be described in 
terms of shapes calculated using lithographic process simulation software such as 
PROLITH from KLA-Tencor or other software capable of simulating the resist profile. 

30 

The line space grating may be modified to form a grid space grating with spacing 
and shape parameters in both X and Y dimensions (XY plane is defined as the plane 
parallel to the wafer or substrate surface). By way of example, Fig. 6 is a simplified 
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diagram of a grid space grating 210, in accordance with one embodiment of the present 
invention. As shown, the grid space grating includes a plurality of spaced apart elements 
212. Each of these elements is defined by several shape parameters. The shape 
parameters of a grid space grating may be related to height, CD (which is similar to 

5 linewidth), wall angle, Y-pitch, X-pitch and XY cross sectional area. Although, only 
these shape parameters are shown, it should be noted that these shape parameters are not 
a limitation. For example, although a cylindrical or truncated profile is shown in Fig. 5, 
other profiles such as rectangular, square, triangular, oval, hexagonal, truncated cone, 
cross, "L"-shape, rounded rectangle and the like (any arbitrary shape) may be used. 

10 Furthermore, although a symmetrical pattern is shown (the pitch is equal in the X and Y 
directions), it should be noted that asymmetrical patterns may be used. For example, the 
pitch may not be equal in the X and Y directions (e.g., longer in X, shorter in Y, etc.). 
Moreover, although the pattern is shown in consecutive linear columns and rows, it 
should be noted that this is not a limitation and that diagonal rows and columns may also 

15 be used (or any combination thereof). For example, the pattern may take the form of a 
hexagonal array. Other examples of patterns that may be measured with scatterometry 
include segmented lines (rectangular arrays of nominally rectangular line segments) or 
off-set or staggered "brick- wall" patterns familiar to those skilled in the art. 

20 Fig. 7 is a Bossung Plot 220, in accordance with one embodiment of the 

invention. The Bossung Plot illustrates curves of the focus exposure dependence of line 
width at 50% of height for a line space grating designed for 150 nm line width and 750 
nm pitch. Each curve represents the focus dependence of line width for a constant 
exposure. The different curves are for exposure ranging from 22 to 32 exposure units in 

25 increments of 0.5. By way of example, the Bossung plot may be generated from data 
produced by a focus exposure test matrix using scatterometry techniques. 

Fig. 8 is a Bossung Plot 230, in accordance with another embodiment of the 
invention. The Bossung Plot illustrates curves of the focus exposure dependence of 
30 height for a line space grating designed for 150 nm line width and 750 nm pitch. Each 
curve represents the focus dependence of height for a constant exposure. The different 
curves are for exposure ranging from 22 to 32 exposure units in increments of 0.5. By 
way of example, the Bossung plot may be generated from data produced by a focus 
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exposure test matrix using scatterometry techniques. The linewidth data points in Fig. 6 
and the height data points in Fig. 7 may be determined from the same or different 
scatterometry measurements) (e.g., same measurement site or different measurement 
sites). 

5 

Figs. 9a and 9b are Bossung Plots 240 and 250 respectively, in accordance with' 
another embodiment of the invention. For reasons of clarity, Fig. 8b shows a subset of 
the focus exposure range of Fig. 8a. The Bossung Plots illustrate curves of the focus 
exposure dependence of sidewall angle for a line space grating designed for 150 nm line 

10 width and 750 nm pitch. Each curve represents the focus dependence of height for a 

constant exposure. The different curves are for exposure ranging from 22 to 32 exposure 
units in increments of 0.5. By way of example, the Bossung plot may be generated from 
data produced by a focus exposure test matrix using scatterometry techniques. The 
linewidth data points in Fig. 6, the height data points in Fig. 7 and the side wall angle 

15 data points in Fig. 8 may be determined from the same or different scatterometry 
measurement(s) (e.g., same measurement site or different measurement sites). 

Figs. 10a and 10b are overlapped Bossung Plots 260 and 270 respectively, in 
accordance with another embodiment of the invention. For reasons of clarity, Fig. 10a 
shows an example of a subset of the data contained in Fig. 10b. The overlapped Bossung 
Plots are inverted and include a first Bossung Plot 262 and a second bossung plot 264. 
By way of example, the first bossung plot may be the inverted version of the bossung 
plot shown in Fig. 7 and the second bossung plot may be the inverted version of the 
bossung plot shown in Fig. 8. The overlapped Bossung plots illustrate contours of 
constant line height 265 and line width 263 at 50% line height for a line space grating 
designed for 150 nm line width and 750 nm pitch. Each curve represents either the 
linewidth or height. In Fig. 9a, the different curves of linewidth are for linewidths 120 
nm, 123 nm, and 126 nm, respectively, and the different curves of height are for heights 
284 nm, 290 nm, and 296 nm, respectively. As shown in both figures, a pair of specific 
contours of line height and line width intersect at only one focus-exposure combination, 
demonstrating a unique simultaneous solution for both focus and exposure. For 
example, referring to Fig. 9a, if the line width was determined to be 123 nm, and the 
height was determine to be 284 nm (as for example in block 14 of Fig. 1), then the 
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exposure would be approximately equal to 26 units and the focus would be 
approximately equal to 0.2 um. 

Fig. 1 1 is an example of an overlapped Bossung Plot 280, in accordance with one 
5 embodiment of the present invention. The overlapped bossung plot is configured to 
demonstrate a unique solution for focus and exposure determined from middle CD 
measurements on two different line grating types (e.g., two different scatterometry 
measurement sites). In this example, the different gratings had different pitches, around 
1 :5 line to space ratio (labeled ISO_MCD) and around 1:1.6 line to space ratio (labeled 
10 dns_MCD). The overlap region contains the solution for the focus and exposure required 
to produce the linewidths (critical dimension, MCD) measured independently for the 
• different grating types. 

Fig. 12 is an example of an overlapped Bossung Plot 290, in accordance with one 
15 embodiment of the present invention. The overlapped bossung plot is configured to 
demonstrate a unique solution for focus and exposure determined from middle CD 
measurements on a first line grating type and side wall angle (SWA) and resist loss (RL) 
measurement on a different line grating with a different pitch.. In this example, the 
different gratings had different pitches, around 1 :5 line to space ratio (labeled 
20 ISOJS4CD) and around 1:1.6 line to space ratio (labeled dnsJSWA, dns_RL). The 

solution is graphically shown as the intersection or enclosed region indictaed by the "+" 
sign. The ■"+*' sign schematically indicates the solution for the focus and exposure 
required to produce the shape parameters (critical dimension, MCD, sidewall angle, 
resist loss) measured independently for the different grating types. 

25 

Fig. 13 is a schematic presentation of a method of monitoring focus and exposure 
300, in accordance with one embodiment of the present invention. The method 300 
generally begins at step 302 where a first wafer is processed with varying levels of focus 
and exposure. The processing generally includes of printing a plurality of scatterometry 
30 measurement sites in a layer of photoresist with a lithography system (e.g., on a focus 
exposure test matrix wafer). Following step 302, the process flow proceeds to step 304 
where scatterometry measurements are performed on the scatterometry measurement 
sites (e.g., periodic structures such as line space or grid space gratings). This is generally 
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accomplished with a scatterometry measurement tool such as those based on 
spectroscopic ellipsometry or spectroscopic reflectrometry. The scatterometry 
measurements are generally in the form of measured spectra. Following step 304, the 
process flow proceeds to step 306 where the measured spectra is converted into shape 

5 parameters. For example, first and second shape parameters may be found for a given 
scatterometry measurement site profile (e.g., trapezoid). Following step 306, the process 
flow proceeds to step 308 where focus and exposure dependencies of shape parameters 
are formed. For example, dependencies such as a first shape parameter as a function of 
focus and exposure, as well as a second shape parameter as a function of focus and 

10 exposure may be formed. The method continues in a separate process flow 310 that 
generally occurs after steps 302-308. The separate process flow may occur during a 
production run. 

The separate process flow 310 generally begins with step 312 where a second 
15 wafer is processed with nominal focus and exposure levels. The nominal focus and 
exposure values generally correspond to whats believed to be the best focus and 
exposure. The processing generally includes printing a plurality of scatterometry 
measurement sites in a layer of photoresist with a lithography system (e.g., on a 
production wafer). The lithography system may be the same system used in step 302. 
20 Following step 3 1 2, the process flow proceeds to step 314 where scatterometry 

measurements are performed on the scatterometry measurement sites (e.g., periodic 
structures such as line space or grid space gratings). This is generally accomplished with 
a scatterometry measurement tool such as those based on spectroscopic ellipsometry. 
The scatterometry tool may be the same scatterometry tool used in step 304. The 
25 scatterometry measurements are generally in the form of measured spectra. Following 
step 3 14, the process flow proceeds to step 3 16 where the measured spectra is converted 
into shape parameters. For example, first and second shape parameters may be found for 
a given scatterometry measurement site profile (e.g., trapezoid) or they may be found for 
a plurality of scatterometry measurement site profiles. 

30 

Following step 316, the process flow proceeds to step 318 where the shape 
parameters found in step 3 16 are compared with the dependencies found in step 308. 
This generally results in a measured value for focus and exposure. The measured values 
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generally correspond to the actual values for focus and exposure of the lithography 
system although nominal values were set. As should be appreciated, focus and exposure 
settings may fluctuate or change over the course of a production run, from run to run, or 
the life of the lithography tool. Following step 3 18, the process flow proceeds to step 

5 320 where the measured focus and exposure values found in step 3 1 8 are compared with 
the nominal focus and exposure values used in step 3 12. This typically results in a 
correction factor for both focus and exposure. Following step 320, the process flow 
proceeds to step 322 where the nominal focus and exposure values are corrected using 
the correction factor determined in step 320. The second process flow 310 may be 

10 performed continuously or incrementally over a production run to ensure that the profiles 
of the integrated circuits printed thereon meet specified requirements. The first process 
flow, steps 302-308, may be performed incrementally as needed to ensure that the 
dependencies are accurate. 

15 The advantages of the invention are numerous. Different embodiments or 

implementations may have one or more of the following advantages. One advantage of 
the invention is that it may provide a unique determination of focus and/or exposure. 
Another advantage of the invention is that it allows for simultaneous solution of focus 
and exposure. Another advantage of the invention is that it uses shape information 

20 derived from scatterometry to determine best focus and/or exposure and to determine the 
stepper Or scanner focus and/or exposure on nominally processed wafers. Another 
advantage of the invention is that the scatterometry techniques may use wavelengths 
longer than feature size (it has been found that wavelengths smaller than feature size are 
difficult to obtain when the feature size is less than 250 nm). Another advantage of the 

25 invention is that it allows for a unique determination of focus and exposure from 

scatterometry shape information. Another advantage of the invention is that it uses more 
of the available shape information to obtain a better determination of focus and/or 
exposure. Another advantage of the invention is that it allows for more complex grating 
targets than lines and spaces. Another advantage of the invention is that it not affected 

30 by image threshold settings as in CD-SEM. Another advantage of the invention is that it 
is more precise than optical imaging measurements of line end shortening, and is capable 
of compensating for changes in the underlying film thickness. 
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Furthermore, in contrast to the present invention, CD-SEM and line end 
shortening methods cannot be performed with scatterometry, nor can they obtain good 
quality shape information outside of the XY plane. For example, they cannot obtain 
shape information on grating target elements in the Z direction normal to the wafer 
5 surface. Line end shortening methods for focus exposure monitoring do not 

simultaneously provide line width or other critical dimension information, thus requiring 
another set of measurements to determine these. 

While this invention has been described in terms of several preferred 

10 embodiments, there are alterations, permutations, and equivalents, which fall within the 
scope of this invention. For example, although MidCD or middle CD, which is the width 
at 50% of the profile height, is mentioned above, it should be noted that the width at any 
height can be used as a shape parameter or the width at two or more heights can be used 
for two different shape parameters (the same can be said for some of the other shape 

15 parameters as well). In addition, although the term wafer was used throughout (e.g., 
semiconductor), it should be noted that the term wafer may also apply to workpieces, 
substrates, samples and the like (which are associated with other types of manufacturing) 
when the methods of the invention are used in other types of manufacturing. 
Furthermore, it should be appreciated that the shape parameters are not limited to those 

20 described herein, and may be widely varied therefrom. For example, shape parameters 
such as cross sectional area, volume, and the like may be used. It should also be noted 
that there are many alternative ways of implementing the methods and apparatuses of the 
present invention. For example, although the invention has been described in terms of 
photolithography that uses conventional radiation techniques, it should noted that other 

25 lithography techniques may also be used, for example, UV lithography (which uses ultra 
violet), X-ray lithography (which uses X-ray), e-beam lithography (which uses electron 
beam), and ion beam (which uses ion beam). 

Furthermore, the shape information (that are obtained via scatterometry, for 
30 example) from multiple measurement sites (nominally identical) in a stepper or scanner 
exposure field can also be analyzed to determine the imperfections or optical aberrations 
of the stepper lens system. This information can be used to adjust or repair the stepper 
lens system, to choose optimum stepper operating parameters to minimize the negative 
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impact of the optical aberrations, or to monitor the stability of the stepper lens system. 
One method would convert the shape information for each measurement location to an 
effective focus error value at that measurement location (focal plan deviation). Another 
method would determine the best focus for each measurement location in the field by 
5 measuring a focus exposure matrix wafer at multiple sites in the field. These focal plane 
deviations then could be analyzed to determine the optical aberrations generally termed 
spherical aberration, coma, astigmatism, curvature of field, and distortion. The most 
common descriptions of optical aberrations are Seidel aberrations and Zernike 
polynomials. 

10 

The scatterometry measurements can also be performed on measurements targets 
or measurement areas generated with different target orientations (vertical versus 
horizontal or any angle of the target symmetry axis), or stepper optical settings such as 
varying numerical aperture, coherence, illumination conditions, etc. to separate the 
15 contributions of different aberrations or different Zernike terms. The scatterometry shape 
information from multiple target types differing in pitch, orientation, element shape or 
size, etc may also be combined to determine the optical aberrations. 

Some aberrations, including coma may also create asymmetry in the resist profile 
20 resulting in a profile that may be better described as a "tilted trapezoid" with a "central 
line" that is not normal to the wafer surface. The angle of this central line is another 
shape parameter that may be used to determine the aberrations of the system. The 
average sidewall angle or the difference between the sidewall angles on the left and right 
sides of the line may also be used to determine the aberrations. 

25 

Scatterometry measurement masks features can also be designed to be more 
sensitive for specific aberrations. The resist line widths of the left and right lines (or top 
and bottom lines) printed with a 2-bar target are commonly measured with CD-SEMs to 
evaluate coma aberrations. (Reference: M. Moers, et al, SPDB Optical Microlithography 
30 XIV, Vol 4346 p. 1379, (2001)). A scatterometry measurement target can be constructed 
of repeating units of a 2 bar target (left line denoted A, right line denoted B, with space S 
between the lines A and B of the unit cell) distributed on a pitch P. The pitch P should be 
as large as is practical for the scatterometry measurement system. Scatterometry 
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measurements can be performed on the scatterometry 2-bar target to determine the shape 
parameters for the lines A and B. One measure of the effects of the aberrations could be 
the difference of the widths of the lines A and B, W(A) - W(B) or the normalized 
difference, ((W(A)-W(B))/((W(A)-I-(W(B)). Another measure of the effects of the 

5 aberrations could be the difference in the heights of the lines A and B H(A) - H(B) or the 
normalized difference ((H(A)-H(B))/((H(A)+(H(B)). The shape information determined 
from scatterometry measurements for multiple measurement locations in the stepper or 
scanner field is then evaluated to determine the aberrations. It is useful to compare the 
measured shape parameters with resist profiles calculated with lithography simulation 

10 software that can include the effects of aberrations in the simulation. 

Moreover, the scatterometry measurement sites may be widely varied. For 
example, Fig. 14 is a simplified top view diagram of a scatterometry target 400 that may 
be used to determine the optical aberrations of a lithographic system, i.e., the aberration 

15 target is sensitive to certain aberrations. As shown, the aberration target 400 includes a 
plurality of units 402 that repeat at intervals of pitch 404. The units 402 are formed by 
two lines or bars 406, 408 that are separated by a space S. Fig. 15 is a simplified top 
view of a scatterometry target 410 that may be used to determine the process parameters 
or optical aberrations of a lithographic system. As shown, the scatterometry target 410 

20 includes an array of rectangular line segments 412. This type of pattern is sometimes 
referred to as a checkerboard pattern. The line lengths, line widths, and spacings 
therebtween in the x and y directions may be widely varied. In the illustrated 
embodiment, the linewidth is equal to d, the line length is equal to 2d and the spacing is 
equal to d. In some cases, the dimension d is equal to the design rule of the feature size. 

25 

Fig. 1 6 is a simplified top view of a scatterometry target 420 that may be used to 
determine the process parameters or optical aberrations of a lithographic system. As 
shown, the scatterometry target 420 includes a staggered array of rectangular line 
segments 422. This type of pattern is sometimes referred to as a brickwall pattern. The 
30 line lengths, line widths, and spacings therebtween in the x and y directions may be 
widely varied. The amount of stagger between columns in the y direction may also be 
widely varied. In the illustrated embodiment, the linewidth is equal to d, the line length 
is equal to 2d and the spacing is equal to d. Furthermore, the amount of stagger for each 
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adjacent row 424 is equal to d. In some cases, the dimension d is equal to the design rule 
of the feature size. Fig. 17 is a simplified top view of a scatterometry target 430 that 
may be used to determine the process parameters or optical aberrations of a lithographic 
system. The scatterometry target 430 in Fig. 17 is similar the target shown in Fig. 16 in 

5 that it includes a staggered array of rectangular line segments 432 (e.g., brickwall 

pattern). However, in this embodiment, the lines 432 are interspersed. Px and Py are the 
pattern pitch in the x and y directions, respectively, Sx and Sy are the line spacing in the 
x and y directions, L is the line segment length, and A, B and C are the widths of the line 
segment measured at different locations along the length of the element. The line length 

1 0 and spacings in x and y directions may be different than those shown in the example. 

Other targets similar to those described herein may be found in the following 
references: J. van Schoot, et al, SPIE Optical Microlithography XIV, Vol 4346, p. 229, 
(2001); S. Verhaegen, et al, SPIE Optical Microlithography XIV, Vol 4346, p. 368, 
15 (2001); M. Moers, et al, SPIE Optical Microlithography XIV, Vol 4346 p. 1379, (2001), 
all of which are incorporated herein by reference. 

It is therefore intended that the following appended claims be interpreted as 
including all such alterations, permutations, and equivalents as fall within the true spirit 
20 and scope of the present invention. 
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What is claimed is: 

1 . . A method for determining process parameter settings' of a photolithographic 
5 system, the method comprising: 

correlating the values of a first set of one or more shape parameters with the 
values of a first set of one or more process parameters to produce dependencies; 

determining the values of a second set of one or more shape parameters 
associated with one or more structures; and 
10 determining the values of a second set of one or more process parameters 

associated with forming the one or more structures by comparing the second set of one or 
more shape parameters with the correlated dependencies. 

2. The method as recited in claim 1 wherein multiple shape parameters are 
15 correlated with multiple process parameters. 

3. The method as recited in claim 2 wherein the process parameters are focus and 
exposure. 

20 4. The method as recited in claim 2 wherein the process parameters are selected 
from line width, height, side wall angle, top profile, bottom profile, or resist loss. 

5. The method as recited in claim 1 wherein the values of the one or more process 
parameters associated with forming the one or more structures are determined 

25 simultaneously. 

6. The method as recited in claim 1 wherein the correlated dependencies are 
produced using lithographic simulation methods or lithographic measurement methods. 

30 7. . The method as recited in claim 1 wherein the values of the first set of shape 
parameters are derived from scatterometry measurements 
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8. The method as recited in claim 1 wherein the values of the second set of shape 
parameters are derived from scatterometry measurements. 

9. The method as recited in claim 1 wherein the structures are printed on a 
5 production wafer. 

10. The method as recited in claim 1 wherein a single shape parameter of the second 
set of one or more shape parameters is used to solve for a single process parameter of the 
second set of one or more process parameters. 

10 

1 1 . The method as recited in claim 1 wherein more than one shape parameters of the 
second set of one or more shape parameters are used to simultaneously solve for a single 
process parameter of the second set of one or more process parameters. 

15 12. The method as recited in claim 1 wherein two or more shape parameters of the 
second set of one or more shape parameters are used to simultaneously solve for two- 
different process parameters of the second set of one or more process parameters. 

13. The method as recited in claim 12 wherein the values of the second set of shape 
20 parameters are determined via scatterometry measurements. 

14. A method for determining the optimal processing conditions for a lithographic 
system, the method comprising: 

measuring scatterometry measurement sites on a focus exposure matrix wafer 
25 using a scatterometry system; 

interpreting the scatterometry measurements into shape parameter information 
associated with the scatterometry measurement sites; 

determining focus exposure dependencies of shape parameters using the shape 
information; and 

30 determining the optimum focus and exposure for the lithographic system from the 

focus exposure dependencies of shape parameters. 
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1 5 . The method as recited in claim 1 4 wherein the scatterometry measurement sites 
are formed using a different combination of focus and exposure. 

16. The method as recited in claim 14 wherein interpreting the scatterometry 

5 measurements is performed using iterative regression techniques or library matching 
techniques. 

17. The method as recited in claim 14 wherein interpreting the scatterometry 
measurements is performed using iterative regression techniques and library matching 

10 techniques. 

1 8. The method as recited in claim 14 wherein the focus exposure dependencies of 
shape parameters are in the form of an equation. 

15 19. The method as recited in claim 1 4 wherein the focus exposure dependencies of 
shape parameters are in the form of a Bossung Plot. 

20. The method as recited in claim 14 wherein the optimum focus and exposure for 
the lithographic system are determined by overlapping Bossung Plots. 

20 

21 . A method of focus exposure monitoring of a lithographic system, comprising: 
measuring scatterometry measurement sites on a product or test wafer using a 

scatterometry system; 

interpreting the scatterometry measurements into shape parameter information 
25 associated with the scatterometry measurement sites; and 

determining the focus and exposure values used to process the test or product 
wafer by matching the shape parameter information with focus exposure dependencies. 

22. The method as recited in claim 21 further comprising: 

30 determining the focus exposure correction required to optimize the lithographic 

system by comparing the determined focus and exposure values to the nominal focus and 
exposure values of the lithographic system; and 

inputting the focus exposure correction into the lithographic system. 
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23. The method as recited in claim 21 wherein the focus exposure dependencies are 
formed by the method comprising: 

measuring scatterometry measurement sites on a focus exposure matrix wafer 
5 using a scatterometry system; 

interpreting the scatterometry measurements into shape parameter information 
associated with the scatterometry measurement sites; and 

determining focus exposure dependencies of shape parameters using the shape 
information. 

10 

24. The method as recited in claim 21 wherein the shape parameter information is 
interpreted from two or more different scatterometry measurement sites. 

25. The method as recited in claim 24 wherein the scatterometry sites differ in shape, 
15 pitch, mask construction, position or orientation. 

26. A method for determining process parameter settings of a photolithographic 
system, the method comprising: 

correlating the values of a first set of two or more shape parameters with the 
20 values of a first set of one or more process parameters to produce dependencies, the 
values of the first set of two or more shape parameters being determined via 
scatterometry measurement techniques; 

determining the values of a second set of two or more shape parameters 
associated with one or more structures via scatterometry measurement techniques; and 
25 determining the values of a second set of one or more process parameters 

associated with forming the one or more structures by comparing the second set of two 
or more shape parameters with the correlated dependencies. 

27. The method as recited in claim 26 wherein the first set of one or more process 
30 parameters corresponds to a first set of two or more process parameters, wherein the 

second set of one or more process parameters corresponds to a second set of two or more 
process parameters, and wherein the values of the second set of two or more process 
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parameters are determined simultaneously by comparing the second set of two or more 
shape parameters with the correlated dependencies. 

28. The method as recited in claim 26 further comprising: 

5 determining the focus exposure correction required to optimize the' lithographic 

system by comparing the determined focus and exposure values to the nominal focus and 
exposure values of the lithographic system; 

inputting the focus exposure correction into the lithographic system; and 
producing wafers with the corrected focus exposure values. 

10 

29. A method for determining the optimal aberrations for a lithographic system, the 
method comprising: 

measuring scatterometry measurement sites at multiple locations in the stepper or 
scanner field on a focus exposure matrix wafer using a scatterometry system; 
15 interpreting the scatterometry measurements into shape parameter information 

associated with the scatterometry measurement sites; 

determining focus exposure dependencies of shape parameters using the shape 
information; and 

determining the optimum focus and exposure for multiple locations in the field of 
20 the lithographic system from the focus exposure dependencies of shape parameters; and 
analyzing the differences in the optimum focus across the field to determine the 
optical aberrations of the lithography system. 

30. A method for determining the optical aberrations of a photolithographic system, 
25 the method comprising: 

correlating the values of a first set of two or more shape parameters with the 
values of a first set of one or more process parameters to produce dependencies, the 
values of the first set of two or more shape parameters being determined via 
scatterometry measurement techniques; 
30 determining the values of a second set of two or more shape parameters 

associated with multiple structures in the lithographic field via scatterometry 
measurement techniques; 



-44- 



WO 03/001297 



PCT/US02/20876 



detenniniiig the values of a second set of one or more process parameters 
associated with forming the one or more structures by comparing the second set of two 
or more shape parameters with the correlated dependencies; and 

determining the optical aberrations from the lithographic process parameters 
5 determined for the multiple scatterometry measurement sites in the lithographic field. 

3 1 . The method as recited in claim 30 wherein the process parameters correspond to 
focus, numerical aperture, illumination, or coherence. 

10 32. The method as recited in claim 30 wherein the shape parameter information is 
interpreted from two or more different scatterometry measurement sites and wherein the 
scatterometry sites differ in shape, pitch, mask construction, position or orientation. 

33 . The method as recited in claim 30 wherein the determined optical aberrations are 
15 used to accept or reject a lithographic system for qualification. 

34. The method as recited in claim 30 wherein the determined optical aberrations are 
used to determine optimum settings of the lithographic system so as to minimize the 
negative effects of the optical aberrations. 

20 

35. The method as recited in claim 30 wherein the determined optical aberrations are 
used to determine corrections to the lens configuration including lens orientation or 
clocking in order to optimize the lithographic system and to minimize the negative 
effects of the optical aberrations. 

25 

36. The method as recited in claim 30 wherein the determined optical aberrations are 
used to determine corrections to the lens design in order to optimize the lithographic - 
system and to minimize the negative effects of the optical aberrations. 

30 37. The method as recited in claim 30 wherein the determined optical aberrations are 
used to determine corrections to the lens manufacturing process to optimize the 
lithographic system and to minimize the negative effects of the optical aberrations. 
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38. The method as recited in claim 30 wherein the determined optical aberrations are 
used to determine the mask design including feature orientation or mask feature 
parameters so as to minimize the negative effects of the optical aberrations. 

5 

39* A method for determining the optical aberrations of a photolithographic system, 
the method comprising: 

correlating the values of a first set of two or more shape parameters with a first 
set of focus values to produce dependencies, the values of the first set of two or more 
10 shape parameters being determined via scatterometry measurement techniques; 

determining the values of a second set of two or more shape parameters 
associated with multiple structures in the lithographic field via scatterometry 
measurement techniques ; 

determining a second set of focus values associated with forming the one or more 
15 structures at multiple locations in a lithographic field by comparing the second set of two 
or more shape parameters with the correlated dependencies, the second set of focus 
values being used to form focal plan deviations in the lithographic field; and 

determining the optical aberrations of the lithographic system from the focal plan 
deviations. 

20 

40. The method as recited in claim 40 wherein the shape parameter information is 
interpreted from two or more different scatterometry measurement sites and wherein the 
scatterometry sites differ in shape, pitch, mask construction, position or orientation. 

25 41. The method as recited in claim 40 wherein the determined optical aberrations are 
used to accept or reject a lithographic system for qualification. 

42. The method as recited in claim 40 wherein the determined optical aberrations are 
used to determine optimum settings of the lithographic system so as to minimize the 

30 negative effects of the optical aberrations. 

43. The method as recited in claim 40 wherein the determined optical aberrations are 
used to determine corrections to the lens configuration including lens orientation or 
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clocking in order to optimize the lithographic system and to minimize the negative 
effects of the optical aberrations. 

44. The method as recited in claim 40 wherein the determined optical aberrations are 
5 used to determine corrections to the lens design in order to optimize the lithographic 

system and to minimize the negative effects of the optical aberrations. 

45. The method as recited in claim 40 wherein the determined optical aberrations are 
used to determine corrections to the lens manufacturing process to optimize the 

10 lithographic system and to minimize the negative effects of the optical aberrations. 

46. The method as recited in claim 40 wherein the determined optical aberrations are 
used to determine the mask design including feature orientation or mask feature 
parameters so as to minimize the negative effects of the optical aberrations. 

15 

47. A method for determining the optical aberrations of a photolithographic system, 
the method comprising: 

correlating the values of a first set of two or more shape parameters with the 
focus of the lithographic system values of a first set of one or more process parameters to 
20 produce dependencies, the values of the first set of two or more shape parameters being 
determined via scatterometry measurement techniques; 

determining the values of a second set of two or more shape parameters 
associated with multiple structures in the lithographic field via scatterometry 
measurement techniques; 
25 determining the focus values associated with forming the one or more structures 

at multiple locations in the lithographic field by comparing the second set of two or more 
shape parameters with the correlated dependencies; and 

determining the optical aberrations from the focal plan deviations determined for 
the multiple scatterometry measurement sites in the lithographic field. 

30 
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